MODRICH of 5-methylcytosine in a G-mSC pair. The recognition and correction of mispairs generated in this manner has been of interest for several reasons. The processing of mismatches within recombination intermediates probably contributes to a number of marker effects associated with recombination, including gene conversion, coconversion, map expansion effects, localized negative interference, and postmeiotic segregation (1) (2) (3) (4) (5) (6) . On the other hand, mismatches resulting from DNA biosynthetic errors and G-T mispairs generated by the deamination of 5-methylcytosine are lesions that will be fixed as mutations unless corrected on the proper DNA strand. Wagner & Meselson (7) suggested that mutation avoidance via mismatch correction could achieved by use of secondary signals within the helix to direct repair to the appropriate strand. This hypothesis, as initially proposed for the postreplication repair of biosynthetic errors, is illustrated in Figure 1 . Mismatch correction systems capable of strand discrimination via secondary signals do indeed exist within bacteria (6) , and perhaps in mammalian cells as well (8) . anticipated by Wagner & Meselson, the properties of such systems are in accord with the idea that they function in the maintenance of genetic stability.
Mismatched base pairs and the systems that process them are also of interest from the viewpoint of chemistry and mechanism. Although the concept of mismatch formation has played a major role in thoughts concerning the basis of spontaneous mutation (9, 10) , information concerning the structural nature of mispaired DNA bases has become available only during the past four years. The past few years have also seen the development of (7) suggested that mismatch correction might function in the elimination of DNA biosynthetic errors. They postulated that strand discrimination necessary for function of such a system could be based on a special relationship between the repair system and the replication complex or, since DNA methylation occurs postsynthetically, on the transient undermethylation of newly synthesized strands.
cell-free sy~stems that support mismatch correction in vitro and isolation of the set of Escherichia coli proteins known to be required for mismatch correction in this organism. Thus, the nature of mismatch recognition and the mechanisms of repair can now be addressed at the level of protein-DNA interaction.
This review emphasizes the biochemical features of mismatch correction in E. coli, the: organism that has been most extensively studied in this respect, and also considers available information conceming the structural nature of mismatched base pairs. The discussion that follows also alludes to correction in other organisms for comparative purposes, but it is by no means comprehensive in this respect. For altemate perspectives, the reader is referred to recent reviews by Marinus (11) , Radman & Wagner (1 la), Claverys & Lacks (12) , and a particularly excellent account by Meselson (6) .
BIOLOGY OF MISMATCH CORRECTION

Evidence for Mismatch Processing in Vivo
The term "tnismatch correction" is used in this review to refer to processes in which recognition of a mismatched base pair elicits a specific response resulting in its repair. It is important that this definition be kept in mind, since in principle,,, rectification of a mispair can occur by reactions that do not depend on the presence of a mismatch within the DNA helix. Although evidence e~,;tablishing the existence of mismatch-specific repair systems is summarized in the sections that follow, the major points supporting this view can be stated at the outset. These are: (a) Different mispairs are corrected with different efficiencies, implying that mismatch specificity is associated with correction. (b) Bacterial and yeast mutants have been identified that are selectively defective in mismatch correction. (c) In vitro experiments have demonstrated repair DNA synthesis that is provoked by the presence of a mismatch alad have led to identification of a protein that binds to at least some mispairs.
Direct evidence for the intracellular processing of mismatched base pairs has been provided by transfection experiments that used artificially constructed DNA heteroduplexes, in which the two strands could be distinguished genetically. In such experiments the fate of heterozygotic markers, and hence the corresponding mismatches, was determined by analysis of the genotypes c,f virus particles emerging from single infective centers. The first definitive studies of this type in the E. coli system utilized multiply marked bacteriophage lambda heteroduplexes under conditions of replication or recombination block (7, 13, 14) . These experiments demonstrated heteroduplex correction prior to the onset of replication and showed that the efficiency of correction of different mismatches can vary by as much as an order of Annual Reviews www.annualreviews.org/aronline magnitude. Furthermore, for those heteroduplexes where two or more closely spaced mismatches were repaired, correction was usually restricted to one DNA strand with repair events at the several mispairs being nonindependent (7, 14) . Cocorrection events of this sort were interpreted in terms of excision repair mechanism with an average excision tract length of about 3 kilobases (7) .
The evidence for mismatch correction in Streptococcus pneumoniae is somewhat more indirect but equally compelling. Transformation of this organism involves assimilation of single-strand fragments of donor DNA into the chromosome of recipient bacteria to generate a heteroduplex region. A particularly striking feature of this process is an associated marker-specific variation in transformation efficiency (reviewed in Ref. 12 ). High-efficiency markers yield transformants with an efficiency approaching one per genome equivalent of donor DNA entering the cell. In contrast, the transformation efficiency of other markers is typically in the range of 0.05 to 0.5. It is now evident that marker discrimination in this system reflects mismatch repair on the donor strand within the heteroduplex recombination intermediate. Thus when mismatches within the heteroduplex are subject to repair, the genotype of the donor strand is corrected to that of the recipient and consequently lost. As in the case of the lambda system discussed above, cocorrection data and physical analysis of the fate of a transforming DNA fragment have indicated that correction in S. pneurnoniae involves repair tracts in the range of 5 to 10 kilobases (15, 16).
Transformation and DNA injection methods have also been used to study heteroduplex processing in yeast and mammalian cells. Under conditions where reassortment of markers by recombination was excluded, heteroduplexes containing two insertion mismatches (8 and 12 bp in size) or two point mismatches were efficiently repaired in yeast (17) . Furthermore, the two insertions were corrected with different efficiencies, suggesting that this class of mismatch can promote its own repair in this organism. In contrast to E. coli and S. pneumoniae, cocorrection efficiencies indicated that about half of the repair tracts provoked by an insertion mismatch in yeast were less than a kilobase in length. Similar findings in mammalian cells have also been interpreted in terms of mismatch repair (8, (18) (19) (20) . However, inasmuch recombination could have contributed to results obtained in these studies and since marker-specific effects have not yet been described, conclusions concerning mismatch repair in mammalian cells should be viewed with caution.
Postreplication
Repair of Biosynthetic Errors
The initial impetus for study of mismatch correction was based on the idea that rectification of mispairs within recombination intermediates could explain certain marker effects associated with crossing over (21) . Consideration Annual Reviews www.annualreviews.org/aronline of such effects is beyond the scope of this review, and the reader is referred elsewhere for discussion of this area (reviewed in Refs. [1] [2] [3] 6 (7), who suggested that mismatch correction could serve to eliminate DNA biosynthetic errors from newly synthesized DNA. This hypothesis included the proposal that the strand discrimination necessary for function of such a system could be based on the undermethylation of newly synthesized DNA, or alternatively, could reflect a special relationship between the repair system and the replication apparatus. The general features of the Wagner-Meselson model, which is outlined in Figure 1 , l~tave been confirmed, at least in bacterial systems. Indeed and as mentioned above, mismatch correction as monitored by transformation in S. pneumoniae is strand specific in the sense that processing is largely limited to the incoming donor strand within the heteroduplex region (24) . Guild Shoemaker (15) proposed 10 years ago that strand direction in this system based on the presence of free ends on the donor DNA strand within the heteroduplex recombination intermediate, and this is still the favored explanation for strand discrimination in S. pneumoniae. A comprehensive discussion of mismatch correction in this organism can be found in a recent review (12) .
Strand-directed mismatch correction has also been demonstrated in E. coli, and the sy:~tem responsible displays the features anticipated by Wagner & Meselson (7) for methyl-directed, postreplication repair of biosynthetic errors ( Figure 1 ). In this organism adenine methylation of d(G-A-T-C) sequences determines the strand on which repair occurs. The most direct evidence in support of Ibis view has been provided by transfection with heteroduplexes in which the two DNA strands were in defined states of methylation at such sites (6, (25) (26) (27) (28) (29) . With hemi-methylated heteroduplexes, which are methylated d(G-A-T-C) sequences on only one DNA strand, repair is highly biased to the unmethylated strand, with the methylated strand serving as template for correction. Mismatch repair also occurs on heteroduplexes in which neither strand is methylated, but in this case correction shows little strand preference. Heterodupl,exes that are fully modified at d(G-A-T-C) sites on both DNA strands are subject to repair at substantially reduced efficiency (26, 29) , although e~:ceptions to this rule exist (6) . These exceptions, which apparently involve the action of alternate correction pathways, will be considered below.
Several of these transfection studies (27, 28) have utilized the small, single-stranded phages fl and M13, in which the density of d(G-A-T-C) Annual Reviews www.annualreviews.org/aronline sequences is lower than anticipated on a statistical basis. For example, the fl heteroduplexes studied by Lu et al (27) contain only four such sites, with the shortest distance between the mismatch and the nearest d(G-A-T-C) sequence being 1000 base pairs. Nevertheless, strand direction by methylation operates effectively on such molecules.
Application of the transfection assay for heteroduplex repair has led to identification of several E. coli mutants that are defective in mismatch repair. Mutant strains defective in uvrD (also called uvrE, mutU, or recL), mutH, mutL, or mutS function exhibit reduced levels of heteroduplex correction as judged by this biological assay (26, (30) (31) (32) . Since mutations in these loci also confer high spontaneous mutability (33) , the associated defects in mismatch correction are consistent with a role for mismatch repair in mutation avoidance.
A key feature of the methyl-directed repair hypothesis is the idea that newly synthesized DNA will exist in an undermethylated form for a period of time sufficient to allow mismatch correction to occur. The transfection experiments discussed above are in accord with this view since they imply that mismatch correction usually initiates prior to replication or methylation of unmethylated or hemi-methylated heteroduplexes. With one exception, attempts to directly assess the rate of in vivo methylation of newly synthesized DNA also indicate a significant delay between synthesis and methylation. Marinus, and Lyons & Schendel have found that d(G-A-T-C) sequences newly synthesized DNA are undermethylated relative to those within the bulk chromosome (34, 35) . In contrast, Szyf et al (36) reported that DNA thesized during pulse labeling periods of 30 s to 5 min at 30°C was fully methylated at such sites. This led the latter authors to conclude that strand discrimination based on methylation of d(G-A-T-C) sites was very unlikely. However, this conclusion may be invalid for several reasons. The effectiveness of the quenching protocol (36) for termination of in vivo methylation was not evaluated, and since the method used to monitor the extent of methylation was not quantitative, significant levels of undermethylation could have gone undetected. It also can be estimated that even during the shortest pulse time studied, an E. coli replication fork would progress about 10,000 base pairs at 30°C. Consequently, these experiments were not particularly sensitive for newly synthesized DNA.
Genetic evidence has also indicated a role in mismatch correction for the E. coli dam methylase, the S-adenosylmethione-dependent activity responsible for modification of d(G-A-T-C) sequences in this organism (37, 38) . Mutants deficient in this activity (dam-) are hypermutable (39) , as are strains that overproduce the methylase more than 10-fold (40, 41) . These findings are consistent with the transfection results cited above. The mutator phenotype of dam-mutants can be understood in terms of a loss in strand bias for repair, Annual Reviews www.annualreviews.org/aronline while that associated with overproduction can be explained by more rapid methylation of newly synthesized DNA coupled with the reduced efficiency of correction on symmetrically modified regions. For the latter explanation to be valid, it is necessary that the biological rate of d(G-A-T-C) methylation limited by the intracellular level of the dam enzyme. This has been shown to be the case (42) .
The E. coli dam methylase has also been implicated in a pathway involving function of mutH, mutL, and mutS genes. In combination with recA, recB, recC, recJ, lexA, or polA mutations, lesions in the dam gene result in an inviable phenotype (11) . Futhermore, dam mutants grow poorly in the presence of certain base analogues like 2-aminopurine (43 (43) isolated suppressor mutations that allowed dam-mutants to grow in the presence of 2-aminopurine. The majority of these suppressors were second site mutations that inactivated mutH, mutL, or mutS function, indicating that dam and these mut genes function in a common pathway. Glickman & Radman h~.ve explained these observations by suggesting that in the absence of methyla.tion, mismatch correction may initiate on both DNA strands, leading to the generation of double-strand breaks (43) . Under conditions elevated mtismatch correction provoked by base analogue mutagenesis or when double-strand break repair is blocked by recA or recB mutations (45, 46) , lethal events ensue unless mismatch correction is blocked by mutH, mutL, or routS mutations. This idea received experimental support with the recent demonstration that dam-recA ts and dam-recB ts strains accumulate double-strand breaks at 42°C, a temperature at which they are inviable, and that double-strand-break formation is suppressed and viability restored at this temperature by introduction of mutL or mutS mutations (47) .
While it is clear that d(G-A-T-C) methylation can direct mismatch correction, Lacks and colleagues have proposed that this represents only a minor pathway fo.r strand discrimination in E. coli (12, 48) . They have suggested that the ma.jority of correction events in E. coli are directed by DNA termini, as is the case in S. pneumoniae. This proposal is based on the relative mutability of dam-strains as compared to that of strains defective in mutH, mutL, or routS function. Mutations in these mut loci result in a 100-to 1000-fold iincrease in the spontaneous mutation rate (33, 43) , and all else being equal, dam mutations would be expected to result in about half this increase. In fact mcthylase mutations increase spontaneous mutability only about 20-to 80-fold. This discrepancy in mutation rates suggests that the methyl-dire, cted pathway may comprise only one component of a multifaceted rnutHLS-dependent repair system.
As will be discussed below, alternate mismatch correction systems do exist Annual Reviews www.annualreviews.org/aronline in E. coli, but these represent low-efficiency pathways relative to damdirected repair. In addition, there is no evidence to indicate the existence of a major correction pathway directed by termini as postulated by Lacks. On the contrary, attempts to detect such a system both in vivo and in vitro have yielded negative results. The presence of strand-specific scissions did not support strand-directed, mutHLS-dependent mismatch repair in either case, but the removal of d(G-A-T-C) sites by mutagenesis was found to result dramatic reduction of correction, both in vivo and in vitro (49, 50, 50a On the other hand, the discrepancy in spontaneous mutabilities of damand mut-strains can be explained without invocation of alternate pathways. Mismatch correction on unmethylated heteroduplexes can lead to doublestrand breaks, and transfection experiments have demonstrated that unmethylated heteroduplexes suffer loss of biological activity in a reaction that is dependent on the presence of a mismatch and on mut gene function (29) . The differences in mutabilities of dam-and mut-strains may therefore reflect a selection against mismatches, and hence mutation, in dam-strains. It would thus appear that strand discrimination in E. coli is largely dictated by the state of methylation of d(G-A-T-C) sequences, while in S. pneumoniae, DNA termini provide the basis for strand direction.
As discussed above, the study of mismatch correction in eukaryotes is not as advanced as in bacterial systems. Nevertheless, Hare & Taylor have obtained evidence suggesting that DNA methylation and DNA termini may also contribute to strand direction of mismatch repair in mammalian cells (8) . These experiments monitored the fate of G-T and A-C mismatches in SV40 heteroduplexes subsequent to their introduction into monkey CV-1 cells. The presence of strand breaks was found to affect the transmission of heteroduplex genotypes to progeny virus, an effect attributed to mismatch repair. With covalently closed heteroduplexes, there was little strand bias to repair. However, when covalently closed molecules were hemi-methylated at two HhaI sites (GmsCGC) spanning the mismatches, repair was observed only the unmethylated strand. Since the most commonly methylated dinucleotide in vertebrates is CpG, these findings suggest that methylation at such sites, as well as DNA termini, may function to direct mismatch correction in this class of organism.
dam-Independent
Mismatch Correction in E. coli
Although activity of the E. coli mutHLS-dependent mismatch correction system is highly dependent on the presence of d(G-A-T-C) sequences in the unmethylated or hemi-methylated configuration, alternate repair systems exist Annual Reviews www.annualreviews.org/aronline that are independent of the state of methylation of such sites and probably independent of such sequences altogether. One such system is illustrated by the behavior of the two possible heteroduplexes constructed using wild-type and Pam8~3~ lambda DNA (Peterson and Meselson cited in Ref. 6 ). The two possible heteroduplexes in this case are P/+ (l/h) and +/P (l/h), where 1 and designate lhe two phage strands. With hemi-methylated or unmethylated heteroduplexes, results obtained were those expected for the dam-directed pathway, namely correction on the unmethylated strand or repair with little strand bias, respect!vely. Furthermore, as observed in other studies (26, 29) , symmetric methylation at d(G-A-T-C) sites resulted in a large reduction correction of the +/P (l/h) heteroduplex. However, in the symmetrically methylated configuration, the alternate P/+ (l/h) heteroduplex was efficiently repaired to wild type. Thus, the Pam80/+ and +/Pam80 mismatches are subject to methyl-directed repair, but when this pathway is blocked by symmetric methylation, the PamSO/+ (1,h) mismatch is subject to specific correction by a pathway that functions less efficiently than the dam-directed system. The nature of this alternate pathway has been deduced by . Her analysis of the fine structure of the lambda cI gene has led to the identificati,an of six exceptional mutations that yield excess recombinants in four factor crosses over short intervals. Two of these involve C--~T transitions at the second position within the sequence d(C-C-A/T-G-G) (52) , with the being C--~T transitions in the related sequences d(C-A/T-G-G) and d(C-C-A/ T-G) (53) . Excess recombination of these markers has been attributed sequence-specific, very short patch (VSP) mismatch correction, which involves excision tracts of 10 base pairs or less and acts unidirectionally in the sense that the d(C-C-A/T-G-G) or related sequence serves as template for repair (52, 53) . In the Pam80 example cited above, VSP repair corrects the
The A-C mispair in the alternate heteroduplex is not subject to repair by this system (6) .
The mismatch and sequence specificity of VSP repair is of particular interest since it suggests that this system corrects G-T mispairs that arise by deaminatic,n of 5-methylcytosine in G-mSC base pairs. In E. coli K strains d(C-C-A/T-G-G) is methylated at the internal C, and such sequences are hot spots for mutation due to spontaneous deamination of the methylated base (54, 55) . Although the uracil DNA glycosylase can recognize and eliminate the spontaneous deamination product of cytosine, this activity cannot excise thymine resulting from deamination of 5-methylcytosine (56) .
VSP repair requires mutL and mutS gene products, proteins that are also required fc,r methyl-directed mismatch correction, but in contrast to the latter system, VSP repair is independent of mutH and uvrD proteins (M. Lieb, personal communication). In addition, VSP repair requires the dcm gene Annual Reviews www.annualreviews.org/aronline product, the enzyme that methylates d(C-C-A/T-G-G) sequences in E. coli (11; M. Lieb, personal communication). The requirement for the dcm methylase lends additional credence to the idea that VSP repair functions to eliminate thymine resulting from 5-methylcytosine deamination. However, function of the dcm enzyme in correction does not appear to involve DNA methylation since G-T mismatches in d(C-A/T-G-G) and d(C-C-A/T-G) sequence contexts are also subject to VSP repair. Although subsets of the dcm recognition site, these sequences are not known to be modified by the dcm methylase.
Two additional low-efficiency methyl-independent pathways have been identified in E. coli by Kolodner and colleagues, who utilized transformation methods to study the fate of pBR322 plasmid heteroduplexes symmetrically modified at d(G-A-T-C) sites (57, 58) . One pathway involves excision tracts in excess of a kilobase and does not require mutH or mutL function but was reduced by 50 to 60% in mutS or uvrD hosts. The second system, which is extremely weak, is characterized by short repair tracts (<300 base pairs) and stringent dependence on recF or recJ function. In contrast to dam-directed and VSP correction systems discussed above, repair by these two methylindependent pathways can occur on either DNA strand. Fishel & Kolodner have suggested that these "error prone" systems may act on heteroduplex regions formed during recombination or generated as a consequence of physical damage (57).
Mismatch Specificity
As mentioned above, mispairs corresponding to distinct genetic markers can be corrected with different efficiencies, with the implied specificity representing a major argument that mismatches provoke their own repair. Correction efficiencies of defined mispairs have been evaluated in both S. pneumoniae and E. coli, and in both cases the results are remarkably similar. The G-T and A-C transition mismatches are good substrates for repair in both organisms (27, 28, (59) (60) (61) . A-A, G-G, and T-T transversion mispairs are also subject correction in both organisms (60, 61) , as are the four possible mismatches corresponding to insertion/deletion of A, G, C, or T (59, 62), although this group of mismatches is recognized somewhat less well than the transition mispairs (28, 59, 60) . Insertions/deletions of 10 nucleotides are also corrected in E. coli (58) , but in those cases tested, mismatches involving larger regions of noncomplementarity (>30 base pairs in S. pneumoniae, 800 base pairs in E. coli) were found to be refractory to repair (29, 59, 60) .
In contrast to the G-T, A-C, A-A, G-G, and T-T point mispairs, or mismatches corresponding to small insertions or deletions, the G-A, T-C, and C-C transversion mispairs are generally poor substrates for correction in the bacterial systems (28, (59) (60) (61) . However, exceptional G-A and T-C misAnnual Reviews www.annualreviews.org/aronline matches, which are subject to repair, have been identified in both S. pneumoniae and E. coli (49, 59, 60 ; M. Jones, R. Wagner, M. Radman, personal communic~ttion). This differential sensitivity to repair indicates that correction efficiency is sensitive to sequence environment, at least in the case of G-A and T-C mismatches.
A similar hierarchy of correction efficiencies has been inferred in yeast by Fogel and colleagues based on the postmeiotic segregation frequencies (4). Postmeiotic segregation (PMS), in which two alleles segregate during the first mitotic division of a haploid spore, has been attributed to the presence of uncorrected mismatches within regions of heteroduplex resulting from meiotic recombination. Hence, alleles that result in high PMS would correspond to a poorly repaired mismatch that persists within the heteroduplex, while alleles resulting in low PMS would correspond to a well-corrected mispair. In fact, PMS frequencies in yeast correlate extremely well, and in the expected manner, with efficiencies of correction of the different mismatches as determined in bacterial systems (4) . Moreover, mutations have been isolated that confer elevated PMS, and like bacterial mutations that block mismatch correction, yeast pmsl mutations confer a mitotic mutator phenotype (5).
STRUCTURES OF BASE PAIR MISMATCHES
A major feature of the Watson-Crick proposal was the idea that only purinepyrimidine pairs would be readily accommodated within the structure of the helix, with the specificity of purine-pyrimidine pairing dictated by satisfaction of the hydrogen-bonding potential of the bases (63) . This led to their suggestion that spontaneous mutation might reflect the occasional occurrence of a base in a rare tautomeric form that could form a well-fitting but nevertheless incorrect base pair. This sort of idea received additional impetus with the demonstratiton that bacterial DNA polymerases, which are thought to select incoming nucleotide precursors by virtue of their ability to form sterically acceptable base pairs (64), misincorporate incorrect nucleotides at detectable frequencies (reviewed in Ref. 65 ). Consequently, a number of mechanisms have been postulated to account for mispair formation, including elaboration of the tautomer hypothesis (9), formation of wobble pairs (66) (67) (68) (69) , involvement of ionized bases (68) , and pairing schemes involving anti-syn isomerization about the N-glycosidic bond (9, 68, 70) . Although such pairing schemes can account for the rare entry of an incorrect nucleotide into a DNA chain, the question a~: hand is concerned with the conformation of the noncomplementary base once it is stably incorporated within a stretch of helix. Is the resulting mismatch intrahelical under physiological conditions, stabilized by the stackingl and hydrogen-bonding potential of bases involved, or alternatively, does it adopt an extrahelical conformation (67, 71) ? The following discusAnnual Reviews www.annualreviews.org/aronline sion will consider this problem with respect to mismatches within DNA helixes, and as will be seen, the consensus of studies addressing this point is that at least some mispairs can adopt intrahelical conformations. It is tempting to view such structures in terms of the problem of mismatch recognition, and the discussion that follows does so. However, it should be kept in mind that such judgments may be premature at this point for several reasons. The currently available structures do not comprise the complete set of possible point mismatches and single base insertion/deletion mispairs. Secondly, correction of some mispairs depends on sequence environment (59; M. Jones, R. Wagner, M. Radman, personal communication), and it is known that neighboring sequences can affect the stability of a mismatch and in at least one case, possibly conformation as well (see below). Since the set of available structural information is small, the significance of sequence environment in determination of mismatch conformation cannot yet be evaluated. Lastly, the NMR experiments reviewed below demonstrate that mismatches are dynamic structures. Consequently, their recognition might involve interaction with minor species. This finding, and the relative resistance of such structures to high levels of S1 and mung bean single-strand nucleases, led to the suggestion that G-G and A-G mispairs might be accommodated within the model heteroduplexes as stacked intrahelical forms. Although S 1 nuclease readily hydrolyzes heteroduplex loops as small as 30 nucleotides in size (74) , the finding that single-base-pair mismatches are generally resistant to this activity has recently been extended to a large set of mispairs by Maniatis, Lerman and colleagues (75) . These results do not, however, necessarily imply that the stable conformation of all mispairs is intrahelical in nature. Rather, they show that the significantly populated conformations available to a mispair are not sufficiently unstacked to be recognized by the DNA-binding site of the nuclease. This is pertinent since model-building studies (67, 71) demonstrate that rotation of noncomAnnual Reviews www.annualreviews.org/aronline plementar~ bases out of the helix can be accomplished with limited backbone distortion to yield a structure in which the two Watson-Crick pairs on either side of the noncomplementary region may stack on each other. A similar idea was sugge~,;ted in the study of block homopolymer heteroduplexes mentioned above. Dodgson & Wells (72) pointed out that their conclusions could complicated by slippage of dC blocks along the d(G)n chain. In one scenario slippage w,auld result in extrusion of a noncomplementary loop to bring d(C), blocks spanning this region into register, thus yielding stacked d(G)n°d(C)n blocks thai: would melt in the cooperative fashion observed.
The advent of high-yield methods for defined oligodeoxyribonucleotide synthesis has permitted construction of model heteroduplexes, which are not subject to this sort of slippage problem, in quantities sufficient for highresolution physical and structural analysis. Several comprehensive studies of the effects of single mismatched base pairs on the thermal stabilities of small DNA heteroduplexes are now available. Tinoco and colleagues (76) , with differences attributable to effects of sequence environment. The importance of the latter factor in determination of mismatch stability is exemplified by the finding that inversion of a mismatch can result in significant changes in helix stability (76, 77) . For example, the study by Tinoco and colleagues demonstrated that replacement of T-G by G-T or G-A by A-G yielded heteroduplexes differing in free energy by 0.7 to 0.9 kcal/mol at 25°C, with differences in enthalpy and entropy of helix formation being much more dramatic (76) .
The hierarchy of heteroduplex stability determined in such experiments does not c~rrelate with the efficiencies of correction of the different mispairs. G-T and G-.A mismatches are among the more stable mispairs, while A-C and C-C fall into the least stable class. By contrast, G-T and A-C transition mispairs are usually well repaired, while G-A and C-C transversion mismatches are generally poor substrates (28, 29, (59) (60) (61) . In fact, the sequences of the 16 octadecamer duplexes studied by Werntges et al (77) corresponded to a set of M13 heteroduplexes used in a previous study to assess efficiencies Annual Reviews www.annualreviews.org/aronline of correction in vivo (28) . No correlation was observed between in vivo correction efficiencies and melting temperatures of the corresponding octadecamer heteroduplexes (77) .
In an attempt to relate thermodynamic properties to structural features of a mismatch that might affect correction efficiency, Werntges et al (77) evaluated the melting curves for their 16 octadecameric heteroduplexes in terms of a stack model for the helix-to-coil transition, which allowed for internal loop formation. Estimates for the enthalpy and entropy of melting of stacks involving mismatches were obtained by empirical fit of melting profiles to the theoretical expression for the partition function of the stack model. In contrast to heteroduplex stability, the enthalpy of melting of a mismatch stack estimated in this manner correlates to some extent with correction efficiency. This parameter was used to classify the 12 mismatches studied (4 of the 16 heteroduplexes contained Watson-Crick pairs). Mismatches with enthalpies of stack melting comparable to A-T or G-C pairs were defined as wobble pairs (
T-G, G-G, C-A, A-A, and A-G), those with enthalpies about half that of A-T or G-C pairs were classified as weak (G-T, A-C, and G-A), while those with enthalpies of stack melting near zero were inferred to be unstacked or extrahelical (T-T, C-T, T-C, and C-C).
Comparison of mismatch classification with correction efficiency revealed that wobble or weak mismatches were corrected with good to poor efficiency while open mispairs were corrected very poorly. This study therefore suggests that pyrimidine-pyrimidine mismatches adopt an extrahelical conformation and that such conformations are not recognized by the correction system.
G-T and A-C Transition Mismatches
The best-studied DNA base pair mismatch has been the G-T transition mispair. Extensive nuclear magnetic resonance (NMR) data was available documenting the conformation and dynamics of this mismatch in B-DNA in solution (69, (78) (79) (80) (81) (82) , and single crystal X-ray structures have been solved for G-T mispairs in A (83, 84), B (85), and Z-DNA (85, 86) . In every case, G-T mismatch has been found to adopt the wobble conformation anticipated by Crick (66), which is stabilized by two imino proton-carbonyl hydrogen bonds, lntrahelical mismatch structures determined by solution and solid state methods are shown in Figure 2 , with the model heteroduplexes used for structural determinations listed in Table 1 . The G-T wobble pair is accommodated within A, B, or Z-DNA helixes with little effect on global helix structure or backbone conformation (82) (83) (84) (85) (86) . However, formation of the wobble pair results in displacement of guanine and thymine bases relative to their positions in G-C or A-T pairs. In both A and B-helixes, guanine is shifted into the minor groove while thymine is displaced into the major groove (83) (84) (85) . In the Z-structure, the guanine base is shifted into the groove and thymine away from the groove (86). Kennard and Annual Reviews www.annualreviews.org/aronline Annual Reviews www.annualreviews.org/aronline <| Annual Reviews www.annualreviews.org/aronline colleagues (84, 85, 87) have pointed out that this displacement renders the G-T pair devoid of elements of pseudosymmetry inherent to A-T or G-C base pairs. In the normal Watson-Crick pairs, the glycosidic bonds are symmetrically disposed relative to a vector joining the CI' carbons of the two sugar residues. The pseudodyad relating the glycosidic bonds in A-T and G-C pairs also results in approximate equivalence of purine N3 and pyrimidine 02 minor groove hydrogen bond acceptors. Deviation of the G-T wobble pair from these elements of pseudosymmetry can be seen in Figure 2 .
A particularly striking feature of the G-T wobble pair is the role of solvent in stabilizing base-base interactions in the mismatch. The keto 04 of thymine and the amino N2 of guanine participate in interbase hydrogen bonds in A-T and G-C pairs, but in the G-T wobble pair these functional groups are displaced into solvent. Visualization of first shell water molecules in crystals of the Z-DNA helix formed by d (84) revealed that the wobble bases are bridged by a network of solvent molecules linking exposed functional groups. In both structures, the amino N2 of G was linked via a water molecule to the keto 02 of T, with the keto 04 of T and the keto 06 of G also bridged by solvent. The bridging waters thus satisfy the bonding potential of the wobble bases, and as pointed out by Kneale et al (84) , in a sense result stabilization of the G-T wobble pair by four hydrogen bonds rather than two. Rich and colleagues (86) have suggested that bridging water molecules may prove of general importance in stabilization of base-base mispairs in both DNA and RNA helixes.
(C-G-C-G-T-G) (86) and crystals of A-helix formed by d(G-G-G-G-T-C-C-C)
Analysis of the set of model G-T heteroduplexes (Table 1 ) has demonstrated that the wobble pair is also stabilized by stacking interactions. Base pairing is maintained on either side of the wobble pair in B-DNA in solution at low temperature (79) , and in the solid state in A (83, 84), B (85), Z-helixes (85, 86) . Base pair stacks visualized in crystals of G-T model heteroduplexes have been compared with those observed in isomorphous crystals of the corresponding parental helixes, which in each case contain a G-C pair instead of a mismatch. Although stacks involving the wobble pair deviate from those observed with the G-C pair due to the displacement of guanine and thymine mentioned above, perturbation of stacking interactions was found to be localized to stacks involving the mispair (84, 85) . Furthermore, wobble pair stacks displayed significant base overlap, ranging from somewhat less to somewhat more than that observed for the G-C pair in parental helixes, depending on the nature of neighboring base pairs and helix conformation (84) (85) (86) . Given the quality of stacking by the G-T pair, Ho et (86) have suggested that helix destabilization by the wobble pair may at least partially reflect the increased hydrophobic surface of the helix resulting from displacement of the 5-methyl group of thymine into solvent. Destabilization Annual Reviews www.annualreviews.org/aronline by this mechanism would be entropic in nature, an idea consistent with the finding by Patel et al (79) 
that the enthalpy of melting of the G-T heteroduplex formed by d(C-G-T-G-A-A-T-T-C-G-C-G) is identical to that of the d(C-G-C-G-A-A-T-T-C-G-C-G) helix, despite the 20°C lower Tm of the former.
The dynamics of the G-T wobble pair have been addressed in the elegant studies of Patel and coworkers (78) (79) (80) (81) , who used NMR methods to examine the solution behavior of the B-form heteroduplex formed by the selfcomplementary dodecamer d (C-G-T-G-A-A-T-T-C-G-C-G) . Thermal dependence of chemical shifts for nonexchangeable base protons revealed a common melting transition for the 10 nonterminal base pairs within the heteroduplex (52°C in 0.1 M phosphate pH 7.7; compare with 72°C for the parental helix containing a G-C pair), demonstrating that the wobble pair is included in the cooperative unit for the helix-to-coil transition (79) . temperatur,zs below the Tm, the destabilizing effect of the G-T pair was evident in enhanced rates of base pair and helix opening as deduced by rates of imino proton exchange (80, 81) , an effect localized to the mismatch and one base pair on either side. Such findings show that the G-T mismatch can be a much more dynamic entity than the conventional Watson-Crick pairs.
Unlike l~uanine and thymine, the major tautomers of A and C do not contain irrtino protons that can participate in interbase hydrogen bonds. Nevertheless, X-ray (87) and NMR (88, 89) studies of B-DNA heteroduplexes (Table 1) indicate that adenine and cytosine can form an intrahelical base pair without tautomerization of either base. As shown in Figure 2 , the resulting wobble pair is thought to involve the N 1-protonated form of adenine and to be stabilized by two hydrogen bonds.
The cry:ital structure of d(C-G-C-A-A-A-T-T-C-G-C-G) ( Table 1 and Ref. 87) indicates that the A-C wobble pair shares several features in common with the G-T mismatch considered above. Like the G-T pair, the A-C mismatch is further stabilized by a water molecule bridging the N4 and N6 amino groups of cytosine and adenine, respectively. Moreover, formation of the A-C pair involves displacement of the cytosine into the major groove and adenine into the minor groove, resulting in loss of the pseudosymmetry characteristic of A-T and G-C pairs. Lastly, as observed in the case of the G-T mismatch, the A-C wobble pair is accommodated within B-DNA with only limited effects on local helix: conformation, and the A-C pair was found to stack well with neighboring G-C and A-T base pairs.
However, effects of the A-C mismatch on helix stability and dynamics differ from those of the G-T pair. As mentioned above, the G-T mismatch is one of the more stable mispairs, while A-C is among the least stable. Measurement of rates of imino proton exchange has demonstrated that the A-C mismatch also results in greater kinetic destabilization of the helix than the G-T wobble pair (78, 88) . In contrast to the highly localized effect of the Annual Reviews www.annualreviews.org/aronline G-T mismatch on kinetics of helix opening, the A-C mispair results in an enhancement in the rate of helix opening, which is evident two to three base pairs removed from the mismatch.
Purine-Purine
and Pyrimidine-Pyrimidine
Transversion Mismatches
The only purine-purine mismatch that has been examined structurally is the G-A mispair. Unlike the other mismatches studied in this manner, G-A has been found to adopt two intrahelical conformations. Kan et al (90) and Patel al (91) (Table 1) . Both groups observed hydrogen-bonded NH--N resonances for the G-A mismatch at low temperature, and based on proton nuclear Overhauser enhancement experiments, both concluded that this mispair was of the form G(anti)-(anti), which is stabilized by two hydrogen bonds ( Figure  2 ). In this mispair, the guanine and adenine bases are in their major tautomer forms and in the usual anti configuration with respect to the glycosidic bond. Consistent with this assignment was the observation of nuclear Overhauser effects between the H-2 proton of the mismatch adenine and the imino protons of the G-A and adjacent base pairs (90, 91) . Failure to observe such effects between the G-A imino proton and the H-8 protons of adenine or guanine (90, 91) 
have utilized NMR methods to determine solution conformations d(C-C-A-A-G-A-T-T-G-G) and d(C-G-A-G-A-A-T-T-C-G-C-G) heteroduplexes
excluded the alternate G(anti)-A(syn) (67, 70) and G(syn)-A(anti, imino) (9) conformations. In contrast, solution of the crystal structure of d(C-G-C-G-A-A-T-T-A-G-C-G) has shown that the G-A mismatches within this heteroduplex (Table assume the alternate G(anti)-A(syn) conformation (92). Like the G(anti)-A(anti) pair, this conformation involves the major guanine and adenine tautomers and is stabilized by two hydrogen bonds, but in the G(anti)-A(syn)
pair adenine adopts the unusual syn orientation with respect to the glycosidic bond ( Figure 2) . As observed for G-T and A-C mismatches in B-DNA, G(anti)-A(syn) is asymmetric with respect to glycosidic bond angles and results in only small perturbations of local and global helix parameters. However, the former effect is less pronounced for G(anti)-A(syn) than for the transition mispairs (Figure 2) . The syn configuration of adenine in the G(anti)-A(syn) pair allows this mismatch to fit well in the B-helix (9, 92) , but accommodation of a G(anti)-A(anti) mispair is expected to require significant distortion of the sugar-phosphate backbone. Unfortunately, information on backbone conformation in the latter case is not available.
Although details of the stacking properties of G(anti)-A(anti) and G(anti)-A(syn)
have not been described, it is clear that base pairing is maintained on either side of these mismatches, at least at low temperature (91, 92) .
Furthermore, NMR analysis of the d(C-G-A-G-A-A-T-T-C-G-C-G) heteroduplex
Annual Reviews www.annualreviews.org/aronline (91) demonstrated that the adenine H-2 proton of the G-A mismatch resonates upfield from its unstacked value, with the chemical shift being independent of temperature between 0 and 40°C. This finding suggests that this adenine remains stacked in the anti configuration within the model helix over this temperature range.
It is not clear what factors determine whether G-A assumes the anti-anti or anti-syn conformation. Since the neighboring base pairs differed in each of the three studies considered above (Table 1) , it is possible that sequence environment determines the conformation of the G-A pair. Alternatively, external factors, such as crystal forces, may also play a role in this respect. The demonstration of two distinct conformations for the G-A mismatch is of interest in view of the biological finding that some G-A mismatches are subject to repair in S. pneumoniae and E. coli, while others are not (49, 59-61; M. Jones, R. Wagner, M. Radman, personal communication).
Effects of the G-A mismatch on helix stability are similar to those found for the G-T wobble pair (above). In only one case, however, is it possible relate such effects to the conformation assumed by G-A. Patel 
et al (91) demonstrated that the Tm of d(C-G-A-G-A-A-T-T-C-G-C-G), which contains two G(anti)-A(anti)
mispairs, is almost identical to that of the related dodecamer containing two G-T pairs at the corresponding positions (Table 1) .
G(anti)-A(anti)
is also similar to the G-T pair with respect to effects on helix dynamics. Presence of the G-A pair results in enhanced rates of helix opening, but as observed for the G-T wobble pair, this kinetic effect is localized to the mismatch and immediately adjacent base pairs (91) .
Two of the three pyrimidine-pyrimidine mismatches have also been studied by proton NMR methods, but only in very preliminary fashion. Cornelis et al (93) (Table 1) . Although nuclear Overhauser enhancement methods were not used to assign protons in this system, art imino proton resonance was attributed to the T-T pair. Since this resonance was shifted upfield relative to that of an unstacked thymine residue, it was inferred that the T-T mismatch was intrahelical and stacked. This resonance, and that attributed to imino protons of the adjacent A-T pairs, broadened rapidly with increasing temperature from 0 to 40°C, suggesting exchange with solvent and hence enhanced rates of helix opening in this region of the heteroduplex.
have examined the tridecamer d(A-T-C-C-T-A-T-T-A-G-G-A-T) heteroduplex, which contains a central T-T mismatch
In (Table 1) . As in the case of the T-T mispair, these experiments resulted in identification of an imino proton resonance, which was attributed to pairing of T and C bases at low temperature. A tentative pairing scheme, involving a single Annual Reviews www.annualreviews.org/aronline amino-keto hydrogen bond and a water bridge, was proposed to explain this observation (78; Figure 2 ). This structure was proposed as tentative since nuclear Overhauser effects could not be used to assign the imino proton due to rapid exchange with solvent (78) . Indeed, effects of the T-C mismatch rates of helix opening are dramatic. Lifetimes of imino protons one to three base pairs removed from the mismatch were found to be reduced by almost an order of magnitude relative to those observed for the parental helix (78) . Although the thermal stability of the T-C heteroduplex is similar to that of the related A-C heteroduplex (Table l) , the degree of kinetic destabilization the T-C pair is much more pronounced (78) .
their analysis of analogues of d(C-G-C-G-A-A-T-T-C-G-C-G), Patel and coworkers. (78) have also examined proton NMR spectra of the d(C-G-C-G-A-A-T-T-C-T-C-G) heteroduplex containing two T-C mismatches
Insertion~Deletion Mispairs
The structural fate of an extra, noncomplementary base within right-handed DNA has also been addressed by NMR methods. Analysis of one-dimensional chemical shifts and nuclear Overhauser effects led Patel et al (94) to conclude that the two extra, noncomplementary adenines within the tridecamer d(C-G-C-A-G-A-A-T-T-C-G-C-G) heteroduplex stack within the helix (Table 1) .
Intercalation of an extra adenine into the helix has been confirmed by Hare et al (95) , who utilized two-dimensional NMR and distance geometry methods to deduce the structure of the related tridecamer Table 1 ). The presence of the stacked but unpaired adenine in such molecules reduces the thermal stability of the helix, but destabilization is somewhat less than that imparted by a G-T pair as judged by Tm measurement (78, 94) . Furthermore, a single helix-to-coil transition was observed for the tridecamer d(C-G-C-A-G-A-A-T-T-C-G-C-G) heteroduplex as monitored chemical shift of nonexchangeable base protons, with the stacked adenine melting as a component of the cooperative unit. Thus, the unpaired adenine base is reasonably stable in the intercalated state. However, the stacked A residue results in longer-range kinetic effects on helix opening than the G-T pair, with several-fold enhanced rates of imino proton exchange being evident three base pairs removed from the mismatch (80) . The conformation assumed by extra, unpaired pyrimidines in model heteroduplexes differs from that of an unpaired adenine. Using NMR methods, Tinoco and colleagues (96) (Table 1) is outside the helix. The observation of a nuclear Overhauser effect between imino protons of the two A-T pairs spanning the extra C indicated that these protons are less than four angstroms apart, much less than the seven angstroms expected if the extra C were to stack between the two A-T pairs. The temperature dependence of the chemical shift of the unpaired C also indicated that the noncomplementary C was unstacked.
concluded that the unpaired cytosine in the heteroduplex formed by d(C-A-A-A-C-A-A-A-G)od(C-T-T-T-T-T-T-G)
A similar conclusion has been drawn by Evans & Morgan (97) concerning Annual Reviews www.annualreviews.org/aronline the nature of extra, noncomplementary thymine residues. Mixing curves of d(T'-C)n an~d d(G-G-A)n demonstrated maximal duplex formation between copolymer:~ at 1.33 pyrimidine nucleotide equivalents per purine equivalent.
Since it was also shown that ultraviolet irradiation of such duplexes led to formation of both T-C and C-C dimers, Evans & Morgan concluded that these copolymer~s form a duplex in which every other thymine in the pyrimidine strand is e~:trahelical. It is not clear, however, whether this conclusion can be extrapolated to natural heteroduplexes, which are incapable of slippage.
Implications for Mismatch Recognition
The number of proteins involved in mismatch recognition is not known, but the size of the available set of E. coli mismatch repair mutants suggests that this numbe, r may be small. This idea is consistent with the finding that the E. coli mutS protein can recognize several different mispairs (Ref. 98 and below) and constrains possible mechanisms of recognition.
As discussed above, G-T and A-C transition mismatches are generally the best substrates for mismatch repair. A-A, G-G, and T-T point mispairs are also corrected, as are nonhomologies corresponding to small insertions or deletions. G-A, T-C, and C-C transversion mispairs are usually poor substrates for repair, but exceptional G-A and T-C mismatches are corrected. Comparisc,n of correction efficiencies with heteroduplex stabilities or helix dynamics in the vicinity of the mismatch reveals little correlation between such parameters. G-T and G-A are among the more stable mismatches, while A-C and T-C are among the least stable. Although all mismatches examined result in enhanced rates of helix opening, it is also known that the WatsonCrick base pairs are subject to opening several times per second in vitro (80, 99) . It therefore seems unlikely that mere adoption of an extrahelical conformation would be sufficient for recognition of a base associated with the rarely occurring mismatch. However, it has been shown that breathing of the normal DNA helix usually involves opening and closing of individual base pairs, while breathing at a mismatch reflects opening of several base pairs (80) . A recognition mechanism based on this distinction can be imagined, but it is difficult to account for mismatch specificity by such a scheme.
With the possible exception of T or C insertions, all mispairs studied can adopt an intrahelical form. Kennard and colleagues (85, 87) and Werntges al (77) have suggested that this is the conformation recognized during mismatch repair. This is an attractive hypothesis since occurrence of a mispair will result in variation in the number and/or placement of base functional groups available in major and minor grooves (Figure 2) . Unfortunately, the structural data available are not yet sufficient to permit elaboration of a recognition scheme that is based on this idea and that can account for the observed ~,;pecificity of mismatch correction. Annual Reviews www.annualreviews.org/aronline
MISMATCH CORRECTION IN VITRO
In vitro assays for mismatch repair have utilized heteroduplex constructs containing a mismatched base pair within the recognition sequence for a Type II restriction enzyme (27, 57) . Such sites, which are resistant to cleavage the endonuclease, are rendered sensitive to the enzyme by mismatch correction on the appropriate DNA strand. This method has been used to demonstrate the methyl-directed and methyl-independent pathways in cell-free extracts of E. coli (27, 57, 100) , and more recently to detect mismatch repair extracts of yeast (101) . Since the E. coli methyl-directed pathway has been the most extensively studied in this respect, the remainder of this section is devoted to this system.
Requirements for Methyl-Directed Mismatch Correction in Vitro
The biochemistry of dam-directed correction has been addressed using substrates derived from bacteriophage fl (6.4 kilobases), for which derivatives containing 0, 1, 2, or 4 d(G-A-T-C) sites are available (27, 50, 50a) . Heteroduplex repair in this system is dependent on use of concentrated cell extracts, requires ATP, is reduced in the absence of exogenous dNTPs, and as observed in vivo, is directed by the state of methylation of d(G-A-T-C) sequences. Unmethylated heteroduplexes are corrected with little strand preference, repair of hemi-methylated molecules is highly biased to the unmethylated DNA strand, and symmetrical methylation results in substantial loss in substrate activity. Since heteroduplexes lacking a d(G-A-T-C) .site are extremely poor substrates for mismatch correction, this sequence must have a direct role in the dam-directed reaction (50, 50a). The role of d(G-A-T-C) sequences in correction becomes even more striking when one considers that the state of d(G-A-T-C) methylation can control correction of a mismatch located more than 1000 base pairs distant and that the presence of a single d(G-A-T-C) site within a heteroduplex is sufficient to elicit this effect (27, 50a) .
Methyl-directed mismatch correction in E. coli extracts is also similar to intracellular repair in its protein requirements. Extracts derived from strains bearing functional defects in mutH, mutL, mutS, or uvrD gene products support heteroduplex repair at less than 10% the wild-type rate, but normal levels of mismatch correction can be restored by mixing mutant extracts (27, 100) . This complementation method has permitted isolation of the mut gene products, the nature of which will be considered below. In addition, the in vitro assay has not only revealed a requirement for the E. coli single-strand binding protein (SSB), but has also shown that methyl-directed correction independent of DNA polymerase I, recBC nuclease, and the recF gene Annual Reviews www.annualreviews.org/aronline product (5(I, 100). In vitro correction also occurs at normal rates in extracts dam-4 straiins, suggesting that the only involvement of the dam methylase in repair is its role in modification of d(G-A-T-C) sites (K. Welsh, P. Modrich, unpublishe,d experiments). This conclusion is in accord with transfection experiments that indicate that heteroduplex correction occurs normally in dam-3 strains (26), but is in contrast to indirect arguments suggesting that the dam methylase may have a direct role in mismatch repair (102) .
The complete set of mismatches has not been tested in vitro, but those examined suggest that the specificity of the cell-free system is similar to that deduced on the basis of transfection experiments (49, 61; M. Jones, R. Wagner, 1MI. Radman, personal communication). Mismatches subject to damdirected repair in E. coli extracts include two different G-T mispairs, two A-C's, one G-A, one A-A, and one T-T. One T-C mismatch has been found to be a we~tk substrate, and two G-A's mispairs were not subject to mutHLSdependent correction (100; K. Au, R. Lahue, S.-S. Su, P. Modrich, unpublished).
Proteins Required for dam-Directed Mismatch Repair
Of the five proteins implicated in in vitro repair, two have been the subject of extensive study in several laboratories. The uvrD gene product has been shown to be DNA helicase II (103) (104) (105) , an activity that catalyzes the ATP-dependent unwinding of duplex DNA (106, 107) . E. coli SSB binds tightly and cooperatively to single-stranded DNA and stimulates the action of E. coli DNA polymerases II and III (reviewed in Ref. 108 ). 2 The mutH, mutL, and routs genes of E. coli and Salmonella typhimurium have been isolated, and in the case of the E. coli genes, overproducers have been constructed (98, 100, 109, 110) . Availability of these overproducing strains and the in vitro complementation assay for mismatch repair has permitted i~;olation of near homogeneous, biologically active forms of the E. coli mutH, mutL, and mutS proteins (50, 98; K. Welsh, P. Modrich, in preparation). Although these three proteins together with DNA helicase II and SSB are nc,t sufficient to mediate mismatch correction in a defined system, examination of the individual mutH and routS gene products has suggested functional roles for these proteins in methyl-directed mismatch repair.
Footprinting methods have demonstrated that the purified routs protein [subunit Mr = 97,000 (98, 110) ] binds to at least some mismatched base pairs (98) . Highest affinity was observed for a G-T mismatch, while the protein 2As stated in the text, DNA polymerase I is not required for repair of a mismatch by the methyl-directed system. Preliminary experiments suggest that DNA polymerase III may function in this respect (K. Au, R. Lahue, P. Modrich, unpublished). Involvement of the latter activity would be con:~istent with the requirement for SSB. Annual Reviews www.annualreviews.org/aronline displayed lowest affinity for a T-C mispair. Affinities for A-C and G-A mismatches were intermediate. Moreover, affinity of mutS protein for the different mispairs was found to parallel the efficiency of their correction as determined by in vitro assay (98; S.-S. Su, P. Modrich, unpublished). This finding suggests that mismatch binding by the protein is significant in the context of the overall repair reaction. This study also revealed an unusual feature of mutS footprints: in every case the mispair was found to be acentric within the protected region. Since sequences bounding a mismatch were excluded as source of the effect, it was concluded that mutS-DNA interaction involves an asymmetry inherent to a mispair or alternatively, an asymmetry imposed upon the helix by the presence of a mismatch (98) .
As in the case of the mutS gene product, a simple activity is associated with the mutH protein [subunit Mr --25,000 (109) ] that can account for its involvement in methyl-directed mismatch repair. This activity is a Mg 2+-dependent endonuclease that cleaves 51 to the dG of d(G-A-T-C) sites, generating 5'-phosphoryl and 31-hydroxyl termini (K. Welsh, A.-L. Lu, P. Modrich, in preparation). Symmetrically methylated d(G-A-T-C) sequences are resistant to attack by this endonuclease, hemimethylated sites are cleaved on the unmethylated strand, and unmethylated sites are usually subject to scission on only one of the two DNA strands. However, this mutH-associated activity has several puzzling features. Site-specific hydrolysis at d(G-A-T-C) sequences does not require the presence of a mismatch within the DNA substrate, and the endonuclease activity is extremely weak, with an estimated turnover number of about one scission per hr per mol mutH protein. Nevertheless, several arguments indicate that the activity is not a simple contaminant of mutH preparations, d(G-A-T-C) cleavage activity copurifies with mutH complementing activity through multiple column steps without change in relative specific activities, and the endonuclease activity cannot be resolved from mutH protein by electrophoresis (K. Welsh, A.-L. Lu, P. Modrich, in preparation).
If it is assumed that d(G-A-T-C) cleavage activity is mediated by the mutH product, then this suggests a role for the protein in strand discrimination during methyl-directed correction. In fact, in vitro analysis of repair DNA synthesis associated with mismatch repair has indicated occurrence of strand scissions on the unmethylated strand in the vicinity of d(G-A-T-C) sites (100), and biological experiments have suggested that the mutH protein functions in the strand discrimination stage of the repair reaction (28) . Several possible explanations for the peculiar properties of the mutH-associated endonuclease can be envisioned. For example, the free form of the protein may exist largely in an inactive conformation, or naked DNA may not represent the true substrate for hydrolysis. Activation of the mutH-associated activity in such Annual Reviews www.annualreviews.org/aronline models would occur subsequent to proper assembly of a set of repair proteins on the heteroduplex. However, direct evidence supporting this sort of idea is not available.
Repair DNA Synthesis Associated with Methyl-Directed Mismatch Correction
In vitro expcrimcnts have shown that methyl-directed mismatch correction is accompanied by repair DNA synthesis (27) . As judged by several criteria, the majority of this synthesis is associated with heteroduplex repair. Thus, repair DNA syntl~tesis is dependent on the presence of a mismatch and on the state of d(G-A-T-C.) methylation. Synthesis on hemi-methylated molecules lacking mismatch or on fully methylated molecules containing a mispair was only 30% of that on heteroduplexes that were both hemi-methylated and contained a mismatch. Furthermore, synthesis on hemi-methylated DNAs was largely confined to the unmethylated strand and was dependent on functional mutH, mutL, and mutS gene products (27, 100) .
In the concentrated cell extracts required for mismatch correction (27) , localization studies demonstrated that repair synthesis was distributed over much of the fl heteroduplex (100), presumably reflecting large repair tracts the type observed in vivo (7). However, repair DNA synthesis, which was similarly dependent on the presence of a mismatch, state of DNA methylation, and rout gene function, was also observed in dilute extracts that did not support efficient mismatch correction (100) . In this case repair tracts were localized to the vicinity of d(G-A-T-C) sites, and it was suggested that these short repai:r tracts reflected initiation and premature termination of mismatch repair under dilute conditions (100). This localization effect led Lu et al (100) to suggest that dam-directed mismatch repair involves scission of the unmethylated strand in the vicinity of a d(G-A-T-C) site.
Models 3'or Methyl-Directed Mismatch Correction
Although iinformation concerning the mechanism of methyl-directed mismatch repair is still quite limited, available information suggests that an understanding of the process will require answers to two questions. Perhaps the simple~;t deals with site(s) of incision and directionalities of excision and resynthesis. As discussed above, it would appear that heteroduplex repair involves au incision event on the unmethylated strand of a d(G-A-T-C) site. mechanisrn in which excision initiates at such a site is particularly attractive since it provides a simple means by which dam methylation can govern the strandedness of repair, although it is noteworthy that additional sites for incision have not been excluded. Speculation concerning various possible Annual Reviews www.annualreviews.org/aronline excision and resynthesis schemes have been described (100) and will not further belabored here. The second and more interesting question deals with the nature of signal transduction between a d(G-A-T-C) site and the mismatch provoking repair. That such signal transduction occurs is indicated by several lines of evidence. It is clear that mismatches promote their own repair (7), but it has also been shown that d(G-A-T-C) sequences are directly involved in the correction process (49, 50) . Therefore, both elements must be recognized during the course of the reaction. The finding that mutHLS-dependent repair DNA synthesis requires both a mismatch and a d(G-A-T-C) sequence that is unmethylated on at least one strand is also in accord with this view (100) .
Two types of signal transduction schemes that can account for the known features of mismatch correction are illustrated in Figure 3 . For simplicity the mechanisms shown assume incision on the unmethylated strand at a d(G-A-T-C) site followed by an excision or strand displacement reaction that is presumed to occur with fixed directionality. The first class of mechanism, illustrated in examples A and B, is based on DNA transport in the manner of Type I restriction enzymes (111) . In mechanism A, the repair system binds a hemi-methylated d(G-A-T-C) sequence, with the state of methylation imposing an asymmetry on the complex. DNA to a particular side of the complex is then subject to transport through a second binding site. Entry of a mismatch into this site triggers DNA cleavage within the d(G-A-T-C)-binding site, and repair ensues. The difficulty with this mechanism is that directional DNA transport, and hence energy consumption, are unrelated to the occurrence of a mispair.
This problem is resolved in mechanism B, which invokes an analogous transport scheme, but which in this case is provoked by the mismatch and occurs in a bidirectional manner. Provided that the repair complex bound at the mismatch possesses elements of dyad symmetry, it can be seen that d(G-A-T-C) sequences on either side of the mismatch will enter transport sites in different orientations. Thus, cleavage of the unmethylated strand would occur only on that side of the mismatch consistent with the directionality of the excision reaction.
Mechanism C is similar to mechanism B, but differs in the manner of linear signal transduction along the helix. In this scheme the mismatch recognition protein is presumed to possess elements of dyad symmetry that permit it to act as a nucleation site for bidirectional polymerization of a second protein along the helix. If the second protein possesses elements of asymmetry, then it would impose different environments on hemi-methylated d(G-A-T-C) sites on either side of the mispair. As in the case of mechanism B, this would provide the basis for an incision reaction on only one side of the mismatch as necessary for unidirectional excision. Annual Reviews www.annualreviews.org/aronline Of course such schemes are merely illustrative and at this point without basis in fact. Establishment of the mechanism of signal transduction in this system must await reconstitution of methyl-directed repair in a defined system so that true intermediates in the process may be identified. Annual Reviews www.annualreviews.org/aronline
